Using stable isotopic labeling of dietary fatty acids in conjunction with arteriovenous difference measurements, we have assessed the regulation of lipoprotein lipase-derived fatty acid entrapment in subcutaneous adipose tissue and forearm muscle in healthy subjects in the postprandial state. Eight volunteers fasted overnight and were then given a mixed meal containing [1-
O besity, a major risk factor for development of type 2 diabetes, reflects an excess of fatty acid deposition in adipose tissue compared with oxidation in other tissues. The regulation of fat storage is tightly coupled with energy balance, although the means by which the pathways of fat deposition and fat mobilization interact to bring this about are not clear. It could be that the adipocyte acts as a "sink" to absorb excess circulating fatty acids. However, the process of fatty acid uptake by adipocytes occurs in two stages (1) : hydrolysis of circulating triacylglycerol (TAG) by lipoprotein lipase (LPL) bound to the capillary endothelium, followed by tissue uptake of the resultant fatty acids. It has long been known that the latter process is not fully effective, and that a proportion of fatty acids generated by intravascular TAG hydrolysis will be liberated into the plasma as nonesterified fatty acids (NEFAs) bound to albumin. This is shown by the rapid appearance in plasma of labeled NEFAs after ingestion of labeled fat (2) and by the change in NEFA composition that occurs in the postprandial period, to mirror the dietary fatty acids (3) (4) (5) . If the rate of intravascular TAG hydrolysis by LPL exceeds the rate of tissue uptake, then the possibility exists that tissue uptake of fatty acids derived from circulating TAG is a pathway that is regulated according to the need of the tissue for fatty acids.
Tissue-specific studies, based mostly on arteriovenous difference measurements, suggest that release of plasma TAG-fatty acids as NEFAs occurs in adipose tissue, but perhaps not in other tissues such as skeletal muscle (6, 7) . That would imply that the adipocyte is not simply a "sink" to take up excess fatty acids, but that fatty acid uptake is regulated by some means, and that the adipocyte's handling of fatty acids derived from circulating TAG might be fundamentally different from that of other tissues.
Understanding the mechanisms by which dietary fatty acids are entrapped by tissues is clearly important in understanding the regulation of fat mass and hence the development of obesity. It is also possible that impaired regulation of fatty acid entrapment in adipose tissue might underlie dyslipidemia and insulin resistance (8) . Accelerated release of NEFAs and of partially hydrolyzed chylomicron remnants from adipose tissue in the postprandial period could have adverse implications for insulin-stimulated glucose metabolism in other tissues and for hepatic lipid metabolism. There is direct evidence in people with type 2 diabetes for impaired entrapment in response to insulin (9) , which contributes to the impaired ability of insulin to suppress plasma NEFA concentrations. Furthermore, it is possible that enhanced fatty acid entrapment in adipose tissue may be an important aspect of the action of the thiazolidinedione insulin-sensitizing agents (10) .
In this study, we have therefore used stable isotope labeling of dietary fatty acids in conjunction with arteriovenous difference (A-V) measurements to assess the regulation of LPL-derived fatty acid entrapment in subcutaneous adipose tissue and forearm muscle in normal, healthy subjects in the postprandial state.
RESEARCH DESIGN AND METHODS
Subjects and protocol. Eight healthy volunteers (four men and four women) were studied after an overnight fast (Table 1) . Subjects refrained from strenuous exercise and alcohol for 24 h before the study and were given instructions to consume a low-fat meal on the evening before the study and then to fast beginning at 8:00 P.M. None of the subjects were smokers. The study was approved by the Central Oxford Research Ethics Committee, and all subjects gave written informed consent. Experimental methods. A 10-cm, 22-gauge Hydrocath catheter (Becton Dickinson) was introduced over a guide wire into a superficial vein on the anterior abdominal wall and threaded toward the groin so that its tip lay just superior to the inguinal ligament. As described previously (6) , this provided access to the venous drainage from the subcutaneous abdominal adipose tissue, uncontaminated by muscle drainage and with a relatively minor contribution from skin. This adipose tissue depot has been shown to be representative of whole-body adipose tissue (11) . A retrograde cannula was placed in a vein draining the hand, which was warmed in a hot-air box maintained at 60°C to obtain arterialized blood. A cannula was placed retrogradely in an antecubital vein draining the forearm muscle. The cannulas were kept patent by a slow infusion of 0.9% (wt/vol) saline.
Adipose tissue blood flow (ATBF) was measured immediately after each blood sample using the 133 Xe washout method (12) after injecting 2 MBq 133 Xe into the region drained by the subcutaneous abdominal catheter. The first ATBF measurement was not taken until at least 30 min later to allow recovery from the hyperemic phase caused by the injection. Forearm blood flow was measured by strain-gauge plethysmography (13) on the arm with the deep antecubital cannula, just after each set of blood samples.
Two sets of basal blood samples, 20 min apart, were taken simultaneously from the arterialized vein, the abdominal vein, and the forearm vein. To occlude superficial flow from the hand, a blood pressure cuff was inflated to a pressure of 200 mmHg around the wrist for 2 min before taking the deep venous samples. After basal blood samples were taken, subjects consumed a meal containing 37 g fat and 100 g carbohydrate, including 800 mg each of [1- 13 C]palmitic acid (isotope purity 99.0%; Tracer Technologies, Cleveland, OH) and [1- 13 C]oleic acid (isotope purity 99.3%; Masstrace, Woburn, MA) in emulsified form (Table  2 ). Blood samples were taken for 6 h after the meal. Analytical methods. Blood samples were collected into heparinized syringes. A portion of each blood sample was rapidly deproteinized with 7% (wt/vol) perchloric acid. Plasma was separated rapidly from the remaining blood by centrifugation at 4°C. Plasma TAG, NEFA, and glucose concentrations and blood glycerol concentrations were measured using enzymatic methods on an IL Monarch centrifugal analyzer (Instrumentation Laboratory, Warrington, U.K.). Plasma insulin was measured using a double-antibody radioimmunoassay (Pharmacia & Upjohn, Milton Keynes, U.K.).
For analysis of enrichment, lipids were extracted from plasma using chloroform-methanol (2:1 vol:vol) (14) . NEFA and TAG fractions were separated by one of two methods. In two subjects, thin-layer chromatography was used as described previously (4); in three subjects, solidphase extraction was used (15) ; and in three subjects, a combination of methods was used. The two methods give identical results (15) , although recovery was greater, and the samples were found to be much cleaner with the solid-phase extraction. After methylation of fatty acids with methanolic sulfuric acid, gas chromatographyisotope ratio mass spectrometry (GC-IRMS) was used to measure isotope enrichment. Fatty acid methyl esters (FAMEs) were resolved on a 50 m ϫ 0.25 m ϫ 0.32 mm BPX-70 fused silica capillary column (SGE Europe, Milton Keynes, U.K.) using an HP6890 GC (Hewlett Packard, Wokingham, Berkshire, U.K.) with an Orchid IRMS interface (PDZ-Europa, Crewe, Cheshire, U.K.). FAMEs were converted to CO 2 by heating at 860°C in the presence of PtCuO, and the 13 CO 2 / 12 CO 2 ratio was determined using a 20/20 Stable Isotope Analyser (PDZ-Europa). Tricosanoic acid methyl ester was used as isotope enrichment standard (1.134 atom percent). Fatty acids were identified routinely by their retention times relative to authentic standards. Individual fatty acid concentrations were calculated from their proportion of total fatty acids (determined by capillary GC [Chrompak, Milharbour, London, U.K.] as described previously [4] ) and from total lipid concentrations in plasma. Fractional 13 C enrichments of plasma fatty acids were derived from enrichment calibration curves for [1- 13 C]palmitate and [1-13 C]oleate. 13 C fatty acid concentrations were calculated by expressing fractional 13 C enrichment as a proportion of the total concentration of each fatty acid.
A test meal was also homogenized and analyzed as above to determine the specific fatty acid composition. The major fatty acids in the meal were palmitic acid (27.4%), stearic acid (24.7%), and oleic acid (34.5%). This agrees closely with the fatty acid composition determined from food tables (26.6% palmitic acid, 24.9% stearic acid, and 34.4% oleic acid [16] ). Calculations Calculations from mass balances. TAG is hydrolyzed Determined from manufacturers' data and food tables (16) .
to fatty acids and glycerol by both LPL and hormonesensitive lipase (HSL) (Fig. 1A) .
If the glycerol appears in the adipose venous circulation, then three times the veno-arterial difference (V-A) for glycerol represents total fatty acid release by TAG hydrolysis. The fatty acids may be released into the circulation or taken up into adipose tissue. For re-esterification calculations, plasma NEFA concentrations (P) were converted to those in whole blood (B) using the hematocrit (H):
These values were then multiplied by blood flow to obtain true fluxes of fatty acids. Fatty acid re-esterification is therefore calculated as Overall fatty acid re-esterification
Percentage fatty acid re-esterification is therefore defined as % fatty acid re-esterification
Fatty acid re-esterification calculated on this basis involves a number of assumptions: 1) complete hydrolysis of TAG, with no release into the circulation of mono-and diacylglycerols, and 2) no reutilization of glycerol in adipose tissue. Also, this calculation gives overall reesterification for fatty acids derived from both LPL and HSL action. Whereas these assumptions may be true for adipose tissue (discussed below), avoiding these assumptions will give more robust and unambiguous data. This calculation is not valid for forearm tissue, as there is significant glycerol reutilization in skeletal muscle (17, 18) . Glucose uptake was calculated by converting to wholeblood values and multiplying the arteriovenous concentration difference by blood flow to obtain values for tissue glucose uptake. Calculations using isotope-labeled fatty acids. Using stable isotopes allows for the first time direct measurement of entrapment of LPL-derived dietary fatty acids (Fig.  1B) ) were used to test for the significance of changes in plasma concentrations with time and for differences between arterial, forearm venous, and adipose venous samples as well as differences between palmitic and oleic acids. The results for TAG were log-transformed before statistical analysis. The significance of arteriovenous differences for labeled TAG were determined by paired t tests on areas under the curve.
RESULTS
Blood flow. Adipose tissue blood flow appeared to increase after the meal ( Fig. 2A ), but this was not significant (P ϭ 0.46). There was no significant change in forearm blood flow after the meal (P ϭ 0.24) (Fig. 2A) . Glucose and insulin. After the meal, arterialized glucose concentrations increased to peak at 30 min (P Ͻ 0.001) (Fig. 2B) , and insulin concentrations peaked at 30 -45 min (P Ͻ 0.001) (Fig. 2C) . Adipose venous glucose concentrations also increased (P Ͻ 0.001) (Fig. 2B) , whereas there were no significant changes in forearm venous glucose concentrations (P ϭ 0.25) (Fig. 2B ). There were significant increases in glucose uptake across both adipose tissue and forearm muscle (P Ͻ 0.001), with a much greater uptake across forearm muscle (P ϭ 0.01 for time effect, P Ͻ 0.001 for time by tissue interaction). TAG. Arterial, forearm venous, and adipose venous TAG concentrations all increased after the meal, as expected (all P Ͻ 0.001) (Fig. 3A) . Plasma TAG concentrations were lower in adipose venous than in arterialized samples (P ϭ 0.003), and TAG A-V concentrations across adipose tissue increased following the meal (P ϭ 0.031). In forearm venous plasma, TAG concentrations were lower than in arterial samples (P ϭ
FIG. 1. Calculation of fatty acid entrapment using mass balance (A) and stable isotope (B) methods. FA, fatty acids.
0.015), but the A-V did not change following the meal (P ϭ 0.33). Labeled TAG appeared in the circulation by 60 min and peaked at 240 min (P Ͻ 0.001) (Figs. 3B and C) . There was clear extraction of labeled TAG across adipose tissue from 60 min (P ϭ 0.001 for palmitic acid, P ϭ 0.013 for oleic acid) and across forearm muscle (P ϭ 0.005 for palmitic acid, P ϭ 0.025 for oleic acid). The plasma concentrations of labeled palmitic and oleic acids in the arterial TAG fraction did not differ from each other (P ϭ 0.59), nor did the concentrations of labeled palmitic and oleic acids in TAG in adipose venous (P ϭ 0.10) or forearm venous (P ϭ 0.16) samples. NEFAs. Arterial, forearm venous, and adipose venous NEFA concentrations all decreased following the meal, before increasing in the late postprandial period (all P Ͻ 0.001) (Fig. 4A) .
The veno-arterial concentration difference across adipose tissue also decreased after the meal, before increasing in the late postprandial period (P Ͻ 0.001). There were no changes in veno-arterial concentration difference across forearm muscle (P ϭ 0.89).
Labeled palmitic and oleic acids appeared in the circulation soon after the meal and increased in concentration throughout the 6 h of the study (P Ͻ 0.001 for arterial, forearm venous, and adipose venous for both palmitic and oleic acids) (Figs. 4B and C) . There was a steady increase in V-A of labeled palmitic and oleic acids across adipose tissue (P Ͻ 0.001 for both palmitic and oleic acids). The rates of increase in concentration of labeled palmitic and oleic acids in the arterial circulation were the same (P ϭ 0.90), as were their rates of increase in concentration in adipose venous (P ϭ 0.67) and forearm venous (P ϭ 0.71) samples. There was no significant release of labeled fatty acids across forearm muscle (P ϭ 0.16 for palmitic acid, P ϭ 0.25 for oleic acid). Fatty acid entrapment. For clarity, data on fatty acid entrapment are presented only for labeled palmitic acid. The results for labeled oleic acid were very similar.
In the early postprandial period (60 -120 min), most of the labeled fatty acids released by circulating TAG hydrolysis in adipose tissue were trapped within the tissue. In the late postprandial period, more of the fatty acids escaped into the circulation (P ϭ 0.014 for difference between release and entrapment) (Fig. 5A) .
In forearm tissue, all the labeled fatty acids released by circulating TAG hydrolysis were trapped in the tissue, with no release into the circulation (P ϭ 0.25) (Fig. 5B) .
Total fatty acid re-esterification in adipose tissue (from mass balance) increased after the meal to peak at 83% at 120 min, before decreasing to 21% at 360 min (Fig. 5C ). There was too little fatty acid release to calculate percentage entrapment of labeled fatty acids at 30 min. At 60 min, entrapment was 92% for labeled palmitic acid (Fig. 5C ) and 101% for labeled oleic acid (data not shown). Percentage entrapment then decreased until 360 min. There were no significant differences between total and labeled fatty acid entrapment (P ϭ 0.27). Percentage labeled fatty acid entrapment in forearm muscle was significantly greater than in adipose tissue (P ϭ 0.001), did not change with time, and was significantly greater than 100% (P ϭ 0.019).
DISCUSSION
The most striking feature of this study is that the entrapment of dietary fatty acids in adipose tissue in the postprandial period varies markedly with time, suggesting a highly regulated process. We have also shown that this process can be studied in humans using stable isotopelabeled fatty acids in combination with measurement of appropriate arteriovenous differences. Also, we showed that fatty acid trapping in skeletal muscle is fundamentally different from that in adipose tissue, in that all the fatty acids released by LPL in skeletal muscle are taken up by the tissue.
We used two tracers, [1-13 C]palmitic acid and [1-13 C]oleic acid. We found no significant differences in the handling of the two fatty acids. Because these two fatty acids are the major fatty acids found in plasma, their metabolism can be taken to be representative of the bulk of plasma fatty acids. The plasma concentrations of labeled palmitic and oleic acids in the TAG fraction were very similar. Because equal amounts of each labeled fatty acid (800 mg) were added to the meal, it appears that absorption and incorporation into chylomicrons is very similar for palmitic and oleic acid. The rates of increase in concentration of labeled palmitic and oleic acids in the circulation were also identical, suggesting that hydrolysis and release into the circulation of these fatty acids is the same. The lack of differences is in agreement with previous studies that have shown both palmitic and oleic acids to be reasonably representative of all fatty acids (19, 20) , although Summers et al. (21) showed some preferential uptake of monounsaturated fatty acids into adipose tissue in the postprandial period. In discussing the results below we have not distinguished the two tracers.
Adipose tissue TAG extraction increased after the meal, reflecting an increased rate of action of LPL, as we have shown previously (7, 22, 23) . The extraction of labeled fatty acids from the TAG fraction was particularly clear, since they start from a zero baseline, and the tracers are contained mainly in the chylomicron fraction, which is the preferred substrate for LPL action (24 -26) . Plasma NEFA concentrations, and the release of NEFA from adipose tissue, were suppressed after the meal as expected (22, 27) , indicating decreased HSL action and increased trapping of LPL-derived fatty acids.
It is well known that dietary fatty acids will appear in the NEFA fraction soon after a meal (2,3,5). We found that stable isotope-labeled NEFAs were released into the adipose venous circulation soon after the meal was consumed. This demonstrates clearly that trapping of LPLderived fatty acids in adipose tissue is not 100% efficient. Labeled NEFA release into the circulation increased in the later postprandial period. Previous arteriovenous studies of NEFA balance have measured only net release of NEFAs, which may be a result of both intracellular hydrolysis and NEFA release into the circulation from LPL action. Using stable isotope tracers given with the meal therefore permits unambiguous demonstration of the release into the circulation of LPL-derived NEFAs from adipose tissue in the postprandial period. This would not have been possible had the tracers been given by intravenous infusion. In contrast, the lack of release of labeled fatty acids into the circulation from skeletal muscle implies that all the fatty acids released by LPL in muscle are taken up into the muscle; i.e., fatty acid trapping in skeletal muscle is fundamentally different from that in adipose tissue. Entrapment of labeled fatty acids in forearm muscle of Ͼ100%, as we found, implies some uptake of circulating NEFAs as well as entrapment of all fatty acids released by LPL action. Thus, there is a pathway for delivery of dietary fatty acids to skeletal muscle that involves adipose tissue hydrolysis of circulating TAG with release of NEFAs, which are then delivered to the muscle.
The difference between adipose tissue and skeletal muscle in entrapment of LPL-derived fatty acids may be explained by a fatty acid concentration gradient between the circulation and skeletal muscle that is always strongly in favor of fatty acid uptake (28) . In contrast, the concentration gradient for fatty acids across the adipose tissue capillary, or adipocyte cell membrane, must vary in direction with time. In that respect, the handling of fatty acids by adipose tissue is analogous to glucose metabolism in the liver, with release from intracellular stores during fasting but net uptake in the fed state. We have speculated previously that coordinated regulation of HSL, LPL, and the processes of fatty acid uptake and esterification account for this changing concentration gradient (29) . The present results highlight very clearly the regulation of fatty acid entrapment in the tissue.
Previous measurements of fatty acid entrapment have relied on mass balance calculations, with its necessary assumptions (see RESEARCH DESIGN AND METHODS). Some of these assumptions are more robust than others. There is strong evidence for complete hydrolysis of circulating TAG with no release of mono-and diacylglycerols into the circulation (30, 31) . Although it has often been stated that glycerol is not reutilized in adipose tissue (32) , some studies (33, 34) , although not all (35) , have now shown uptake into adipose tissue of labeled glycerol from the circulation. In addition, there is no direct evidence that fatty acids derived from HSL hydrolysis are handled by adipose tissue in the same way as LPL-derived fatty acids, and so it is possible to calculate only overall fatty acid re-esterification using mass balance techniques, and not specifically trapping of dietary (i.e., LPL-derived) fatty acids. These assumptions are clearly not valid for skeletal muscle, in which there is considerable evidence of glycerol uptake (in some studies even net uptake) (17, 18, 35) , and so it is not possible to calculate fatty acid trapping in skeletal muscle using mass balance techniques.
Entrapment of fatty acids in adipose tissue for both tracers was ϳ100% at 60 min and fell during the 6-h postprandial period to ϳ10 -30% at 360 min. The upregulation of fatty acid entrapment in adipose tissue after the meal follows a time course similar to that of the increase in insulin concentrations. This upregulation of fatty acid entrapment has been shown previously at a whole-body level in experiments involving both glucose infusion (36) and insulin infusion (37) . In tissue-specific experiments, it has been shown previously to occur in adipose tissue after consumption of a normal meal (22, 23) , but these results were based on mass balance calculations. In the present study, we found good agreement between fatty acid entrapment calculated using mass balance and stable isotope techniques. Unfortunately, it was not possible to calculate entrapment using stable isotopes at 30 min, as there were insufficient labeled fatty acids in the circulation for accurate calculation.
In conclusion, this study illustrates the feasibility of using stable isotope methodology for determining fatty acid entrapment, avoiding the untested assumptions used in calculations based on mass balance. It shows clearly that there are fundamental differences in the behavior of adipose tissue and skeletal muscle, and the data imply that fatty acid entrapment in the former is a highly regulated process. It will be interesting in future work to explore disturbances in this system and their consequences for insulin resistance and dyslipidemia.
